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AW ATION OF W IT -I.I AM S. M. WOLD, UNDER 37 C.F.R. §1.132 

I, William S. M. Wold, hereby declare as follows: 

1 . I am a Canadian citizen residing at 1 609 Adgers Wharf Drive, Chesterfield, MO 6301 7. 

2. I hold the position of Professor and Chair, Department of Molecular Microbiology and 
Immunology, Saint Louis University School of Medicine, St. Louis, MO. I am the first named 
inventor of the above-referenced patent application. 

3. I have reviewed the specification of the above-referenced patent application ("the 
application") and the pending claims. I understand that the claims currently pending are directed 
generally to methods of treating a subject with a hyperproliferative cell disorder, such as cancer, 
by administering to me subject an adenovirus vector mat is replication-competent in cancer cells, 
wherein the adenovirus vector includes a TRAIL coding region and an ADP coding region. 
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I understand that the examiner has rejected pending claims 23-38, 41, 43-47, and 49 as 
heing obvious over Wold (U.S. Patent 6,627,190) in view of Walezak (Nature Med., 
5(2):157-163, 1999). I am the first named inventor of Wold. 

The invention set forth in the claims would not be obvious over Wold in view of 
Walezak. The disclosure in Wold makes no reference to TRAIL expression by any viral 
vector. While Walezak provides information regarding the ability of TRAIL to induce 
apoptosis of certain cell lines, it provides no particular suggestion or motivation to 
indicate that adenoviral vectors that express TRAIL and ADP can be successfully grown 
in cell lines or applied as an anticancer therapy. Walezak teaches that TRAIL has the 
ability to induce apoptosis in many cell lines, and that TRAIL has cytotoxic activity 
against a wide variety of transformed cell lines. See, e.g., abstract of Walezak. Indeed, 
in view of the apoptosis-inducing ability of TRAIL, it is possible that expression of 
TRAIL may result in apoptosis of the host cells, which would be deleterious to virus 
replication if it should occur before replication is complete. See Chiou and White, 
Virology 244:108-118, 1998 (Exhibit A). For the same reason, expression of TRAIL 
may be deleterious to application of any such vector as an anticancer agent if it results in 
apoptosis of an infected cancer cell before vims replication is complete. This would 
defeat the purpose of Wold's goal of generating oncolytic vectors that can "replicate and 
spread throughout the tumor not just in the initially infected cells as in the case with 
rephcation-defective vectors.'' Wold, col. 2, lines 51-55. 
6. A publication of Tollefson « al (J. Virology, 75(l9):8875-8887, 2001 ; Exhibit B) reports 
that TRAIL-induced apoptosis can be inhibited by certain adenoviral proteins, including 
E1B-19K. There is no specific discussion in the Wold disclosure that its adenoviral 
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vectors express E1B-19K. Thus, it is possible that expression of TRAIL in a vector of 
Wold could have resulted in apoptosis of the infected cell. 

Further, Wold does not disclose whether insertion of another gene (complementary DNA) 
into the E3 region of the vector either 5' or 3' to the ADP gene will result in expression 
of the new gene or will preclude efficient expression of ADP. For example, since both 
ADP and TRAIL are expressed from the same adenovirus major late promoter via 
alternatively spliced mRNAs in some of the vectors of the present invention, it was 
possible that splicing into the ADP, TRAIL, or both coding sequences might not occur. 
Still further, the mechanism by which ADP functions to facilitate the efficient lysis 
(disruption) of infected cells at the culmination of the virus infection is unknown. Wold 
does not disclose whether expression of TRAIL may negate, augment, or modify the 
function of ADP. If TRAIL negates the function of ADP, then the cell lysis-promoting 
activity of ADP expression by the vector would be lost. If TRAIL augmented the 
function of ADP, then the infected cells may lyse before virus replication is complete. 
Therefore, unless and until the actual studies are conducted to prepare an adenoviral 
vector that includes a TRAIL coding region and an ADP coding region and evaluate its 
anti-cancer efficacy, one of ordinary skill in the art would not be able to predict with any 
degree of certainty whether such a vector can be successfully applied as an anticancer 



8. I understand mat the Examiner has also rejected claims 23-38, 44-47, and 49 as being 
obvious over Henderson (U.S. Patent 6,197,293) taken with Griffith (U.S. Patent 
6,900,185). 

9. The invention set forth in the claims would not be obvious over Henderson in view of 
Griffith. Although Henderson teaches adenoviral vectors that are rephcation-competent, 



25773782.1 



MAY-23-2007 WED 01:57 PM MM I 



FAX NO. 314 977 8717 



P. 05 



it does not provide any teaching or suggestion regarding expression of TRAIL. Griffith, 
while teaching a method for inhibiting tumor cell growth in a mammal by administering 
TRAIL via a viral vector, does not appear to teach or suggest us of a replication- 
competent viral vector. Furthermore, as with the Wold patent and Walczak references 
discussed above, Griffith fails to provide any particular suggestion or motivation to 
indicate a replication-competent adenoviral vector such as taught by Henderson mat 
expresses TRAIL and ADP can be successfully grown in cell lines or applied as an 
anticancer therapy. As discussed above, it was known in the field that TRAIL has the 
ability to induce apoptosis in many cell lines, and that TRAIL has cytotoxic activity 
against a wide variety of transformed cell lines. See, e.g„ abstract of Walczak. Indeed, 
in view of the apoptosis-induciug ability of TRAIL, it is possible that expression of 
TRAIL may result in apoptosis of the host cells, which would be deleterious to virus 
replication if it should occur before replication is complete. See above discussion 
regarding Chiou and White. Furthermore, even if TRAIL was expressed in one of the 
vectors taught by Henderson, it is possible that me infected cell could undergo apoptosis. 
As discussed above, Tollefson et al (Exhibit B) teaches that TRAlL-induced apoptosis 
can be inhibited by certain adenoviral proteins, including E1B-19K. It is not clear 
whether the Henderson vectors express E1B-19K. Since the Henderson vectors use a 
prostate cancer-specific promoter to drive expression of the Ad El A gene, and in some 
vectors they also use another prostate-specific promoter to drive expression of the ElB 
genes, it is possible that even if the vectors expressed E1B-19K, not enough E1B-19K 
would be expressed to inhibit TRAlL-induced apoptosis. Therefore, infection of a tumor 
cell with a vector of Henderson mat expressed TRAIL could have resulted in apoptosis of 
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the infected cell, which could severely limit if not abolish the ability of the vector to 
replicate within infected cells. 

10, For the same reasons discussed above in paragraph 7, until actual studies are conducted 
to prepare an adenoviral vector that includes a TRAIL coding region and an ADP coding 
region and evaluate its anti-cancer efficacy, one of ordinary skill in the art would not be 
able to predict with any degree of certainty whether such a vector can be successfully 
applied as an anticancer agent. The inventors made such a vector, and conducted studies 
to show that such vectors have anti-cancer efficacy. 

11. Regarding the Examiner's argument that claims 23 and 40 are obvious in view of 
Henderson in view of Griffith and Bruder (Journal of Virology, 71:7623-7628, 1997), it 
is noted that an individual of skill in my field would not have found the invention set 
forth in these claims to be obvious. For the reasons discussed above regarding 
Henderson and Griffith, there would be no suggestion or motivation to provide for a 
method of treating a cancer using a replication-competent adenoviral vector that includes 
a TRAIL encoding region and an ADP coding region. Furthermore, any vector of 
Henderson that is engineered to express TRAIL could have resulted in apoptosis of an 
infected cell, which would be deleterious to adenoviral replication and application of the 
vector as an oncolytic vector. Bruder does not make the claimed invention obvious 
because like Griffith, it does not pertain to replication-competent vectors. Therefore, an 
individual with ordinary skill in my field would not have found the claimed invention 
obvious based on Henderson, Griffith, and Bruder. 

12. I hereby declare that all statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like 
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so made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 
of the United States Code and that such willful false statements may jeopardize the 
validity of this application or any patent issued thereon. 



William S. M, Wold 
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•virology 244, 108-118 (1998) 
article no. VY989077 



Inhibition of ICE-like Proteases Inhibits Apoptosis and Increases Virus 
Production during Adenovirus Infection 

Shiun-Kwei Chiou and Eileen White*' 1 

Center for Advanced Biotechnology and Medicine and * Department of Molecular Biology and Biochemistry and the Cancer Institute 
of New Jersey Rutgers University 679 Hoes Lane, Piscataway New Jersey 08854 

Received November 11 1997; returned to author for revision December 4, 1997; accepted February 10, 1998 

Interleukirvlb converting enzyme (ICE)-related cysteine proteases are required for E1A-induced, p53-dependent apoptosis 
in baby rat kidney (BRK) cells, Adenovirus E1 B 19K protein, which is a potent inhibitor of apoptosis, inhibits activation of these 
proteases in BRK cells. E1A expression induces apoptosis during infection of human cells by mutant adenoviruses which 
contain nonfunctional E1B 19K. The question arises as to whether ICE-related proteases are involved in E1A-induced 
apoptosis during mutant adenovirus infection of human cells. To test the involvement of the cysteine proteases in 
ElA-induced apoptosis during productive adenovirus infection of HeLa cells, we examined whether Z-VAD-FMK, an inhibitor 
of ICE-related proteases, can inhibit apoptosis induced by mutant adenovirus which lacks functional E1B 19K. Z-VAD-FMK 
inhibited E1A-induced apoptosis in adenovirus-infected Hela cells, suggesting that the ICE family proteases are involved in 
this apoptosis pathway. Z-VAD-FMK also inhibited cleavage of substrates such as cysteine protease CPP32 and nuclear 
lamins, whereas cleavage of poly(ADP-ribose) polymerase was partially inhibited during infection with an E1B 19K mutant. 
Inhibition of apoptosis by Z-VAD-FMK significantly enhanced production of infectious adenovirus and attenuated virus 
release. Thus apoptosis may be a method for the host cell to limit virus production and release at the end of the infection 

Cycle. © 1998 Academic Press 



INTRODUCTION 

During adenovirus infection, E1A expression induces 
apoptosis, while E1B 19K expression inhibits apoptosis. 
Therefore, infection of HeLa cells by wild-type adenovi- 
rus, which expresses both E1A and E1B 19K, does not 
induce apoptosis (White et ai., 1991, 1992). Infection of 
HeLa cells with mutant adenovirus lacking functional 
E1 B 19K produces massive apoptosis, and this cell death 
is dependent on E1A expression (Waga et ai., 1994; 
White etai, 1984, 1991; White and Stillman, 1987). Cleav- 
age of PARR a known substrate for interleukin-1 p con- 
verting enzyme (ICE)-like cysteine proteases, has been 
observed previously in E1B 19K mutant adenovirus-in- 
duced cell death in KB cells (Boulakia etai., 1996) and in 
Sindbis virus-induced apoptosis of neuroblastoma cells 
(Ubol etai., 1996), implicating the involvement of cysteine 
proteases in viral infection-induced apoptosis. Further- 
more, inhibition of cysteine protease activity has been 
shown to enhance HIV replication by inhibiting apoptosis 
(Chinnaiyan etai., 1997). Thus cysteine protease activity 
appears to be an important factor in the regulation of 
apoptosis and the progression of the virus life cycle. 



1 To whom correspondence and reprint requests should be ad- 
dressed at Center for Advanced Biotechnology and Medicine, 679 
Hoes Lane, Piscataway, New Jersey 08854. Fax: (732) 235-5795. E-mail: 
ewhite@mbcl.rutgers.edu. 



The study of the genetic control of apoptosis in the 
nematode Caenorhabditis efegans (C. eiegans) first 
suggested the involvement of cysteine proteases in 
apoptosis. Specifically, the C. eiegans death protein 
Ced-3, which is one of the required factors for execu- 
tion of the apoptosis program in nematodes (Ellis and 
Horvitz, 1986; Hengartner and Horvitz, 1994), is a cys- 
teine protease (Xue et ai., 1996) homologous to the 
mammalian ICE family of cysteine proteases. This 
suggests a role for these ICE-related proteases in 
mammalian apoptosis (Yuan et ai„ 1993). Numer- 
ous mammalian proteases related to ICE have been 
identified. These include CPP32/Yama/apopain (Fer- 
nandes-Ainemri et ai., 1994; Nicholson et ai., 1995; 
Tewari et ai., 1995), Mch3/CMH1 (Fernandes-Alnemri 
et ai., 1995b; Lippke et ai., 1995), Mch2 (Fernandes- 
Alnemri etai., 1995a), Mch4 (Fernandes-Alnemri etai., 
1996), Mch5 (Fernandes-Alnemri et ai., 1996), ICE rel 
ll/Tx/ICH-2 (Faucheu etai., 1995; Kamens etai., 1995; 
Munday etai., 1995), ICE rel III (Munday etai., 1995), 
and ich-1 (Wang etai., 1994). These proteases are now 
collectively referred to as "caspases" (Alnemri et ai., 
1996). An insect caspase, Spodoptera frugiperda 
caspase-1, has also been found recently, which is 
inhibitable by the anti-apoptotic baculovirus p35 pro- 
tein (Ahmad et ai., 1997). Drosophiia melanogaster 
also encodes caspases that are required for apopto- 
sis, such as drICE and DCP-1 (Fraser and Evan, 1997; 
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Harvey ef ai, 1997; Song et ai, 1997). Thus caspases 
appear to be important for apoptosis across different 
phyla. 

Presumably, activation of caspases during apoptosis 
results in cleavage of a number of cellular substrates 
which lead to the apoptotic phenotype. Substrates for the 
caspases include the retinoblastoma tumor suppressor 
protein (pRb), interleukin-1 (3, nuclear lamins, and poly- 
(ADP-ribosepolymerase (PARP) (Enari ef ai, 1996; Jan- 
icke et ai, 1996; Lazebnik ef ai, 1994; Orth et ai, 1996). 
Although the roles of interleukin-1 (3 and PARP cleavage 
in apoptosis are unclear, iamin cleavage has been 
shown to be an important event in the apoptotic process, 
since overexpressed uncieavable lamins delay DNA 
degradation and cell death (Rao et ai, 1997). Specific 
caspases which cleave pRb have not been identified, 
although pRb degradation has been observed during 
apoptosis induced by TNF-a, Fas, and staurosporine, 
and inhibitors of caspases have been shown to block 
both pRb cleavage and apoptosis (Janicke et ai, 1996; 
Tan ef ai, 1997). Since pRb has known anti-apoptosis 
activity (Berry ef ai, 1996; Haas-Kogan et ai, 1995; 
Howes ef a/., 1994; McConkey ef ai, 1996), degradation 
of pRb may also be an important event in apoptosis. 

Overexpression of caspases has been shown to in- 
duce apoptosis and cellular as well as viral inhibitors of 
apoptosis inhibit the activation or activity of caspases 
(Boulakia ef ai, 1996; Bump et ai, 1995; Komiyama ef ai, 
1994; Kumar, 1995; Martin and Green, 1995; Nicholson, 
1996; Sabbatini et ai, 1997; Tewari and Dixit, 1995; Xue 
and Horvitz, 1995). Cleavage of substrates by specific 
caspases is blocked by viral inhibitors such as CrmA 
from cowpox virus and p35 from baculovirus (Bump ef ai, 
1995; Komiyama et ai, 1994; Tewari and Dixit, 1995; Xue 
and Horvitz, 1995). The Bcl-2 cellular oncoprotein and the 
adenovirus E1B 19K both inhibit activation of caspases 
(Boulakia et ai, 1996; Sabbatini ef ai, 1997). 

Synthetic peptide inhibitors have been developed and 
are designed based on conserved amino acid se- 
quences in the substrate cleavage sites of the different 
proteases. Substrate cleavage sites for the caspases 
generally contain a tetrapeptide motif. ICE cleaves most 
effectively at the tetrapeptide sequence Tyr-Val-Ala-Asp 
(YVAD), whereas CPP32 most effectively cleaves at Asp- 
Glu-Val-Asp (DEVD) (Zhu ef ai, 1995). Synthetic peptide 
aldehyde inhibitors containing these sequences have 
been useful in identifying the role of specific caspases in 
apoptosis. An aspartate residue in the tetrapeptide se- 
quence at the P1 position and at least four amino acids 
on the amino-terminal side of the cleavage site are 
required for cleavage to occur. Removal of the amino 
acid in the P4 position in the peptide aldehyde inhib- 
itor benzyloxycarbonyl-Val-Ala-Asp-fluoromethyl ketone 
(Z-VAD-FMK) renders it a general inhibitor of caspases 
(Zhu ef ai, 1995). 

It has been shown earlier that Z-VAD-FMK inhibits 
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E1A-induced apoptosis in BRK cells,' suggesting that 
caspases are involved in this apoptosis pathway (Sab- 
batini ef ai, 1997). Nuclear Iamin cleavage, which is 
indicative of Mch2 activity, and active CPP32 subunits 
have been observed during E1A-induced apoptosis in 
baby rat kidney (BRK) cells (Rao ef ai, 1996; Sabbatini ef 
ai, 1997). Thus Mch2 and CPP32 are involved in this 
apoptosis pathway. Furthermore, E1B 19K expression 
blocks E1A-induced apoptosis and also inhibits activa- 
tion of these caspases in BRK cells (Rao ef ai, 1996; 
Sabbatini et ai, 1997). 

E1B 19K is an anti-apoptosis member of the Bcl-2 
family of apoptosis regulators, which function upstream 
of caspase activation (Boulakia ef ai, 1996; Rao ef ai, 
1996). The mechanism of inhibition of caspases by anti- 
apoptotic Bcl-2 family members is unclear. It is possible 
that anti-apoptotic Bcl-2 family members express a sur- 
vival signal that inhibits caspase activation or that they 
inhibit a death signal mediated by pro-apoptotic Bcl-2 
family members Bax, Nbk/Bik, and Bak to activate 
caspases (reviewed in Rao and White, 1997). 

Since caspases play a role in E1 A-induced apoptosis 
in BRK cells, the question arises as to whether E1A- 
induced apoptosis in mutant adenovirus-infected HeLa 
cells also involves caspases. To test the involvement of 
the caspases in E1 A-induced apoptosis during adenovi- 
rus infection of HeLa cells, we evaluated whether the 
Z-VAD-FMK peptide inhibitor could inhibit apoptosis dur- 
ing E1B 19K mutant adenovirus infection of HeLa cells. 
Z-VAD-FMK inhibited E1 A-induced apoptosis as well as 
cleavage of specific substrates such as CPP32 and nu- 
clear lamins. PARP cleavage was reduced but not inhib- 
ited upon Z-VAD-FMK treatment. The consequence of 
inhibition of apoptosis by Z-VAD-FMK was to increase 
infectious virus production and to attenuate virus release 
from the infected cells. 

In both wild-type and 19K mutant adenovirus infection, 
the efficiency of virus release from the host HeLa cells 
was similarly decreased by treatment with Z-VAD-FMK. 
Thus inhibition of apoptosis by Z-VAD-FMK diminished 
virus release regardless of whether E1B 19K is present. 
This suggested that inhibition of apoptosis is required 
but E1B 19K activity is dispensable for blocking virus 
release. 

RESULTS 

Inhibition of caspase activity inhibits E1A-lnduced 
apoptosis during adenovirus infection of HeLa cells 

Of the caspases, ICE, CPP32, and Mch2 activity has 
been detected in cells undergoing apoptosis (reviewed in 
Fraser and Evan, 1996). Stable expression of CrmA did not 
inhibit E1 A-induced apoptosis in infected HeLa cells (data 
not shown), suggesting that ICE itself may be dispensable 
for this form of apoptosis or that E1A triggers redundant 
pathways in HeLa celts. To determine whether ICE-like 



110 CHIOU AND WHITE 



Mock dl309 41337 



+ Z-FA-FMK 




Mock d!309 dl337 



+ Z-VAD-FMK 




FIG. 1. Z-VAD-FMK treatment inhibits appearance of the cyt phenotype indicative of apoptosis in aclenovirus-infected HeLa cells. HeLa cells were 
mock infected or infected with the Ad5d/309 or Ad5o7337 viruses at a m.o.i. of 100 PFU/cell. 25 mm of Z-VAD-FMK or Z-FA-FMK was added to each 
infection at 6 h postinfection. At 48 h postinfection the appearance of the cyt phenotype was monitored. The peptide treatments are indicated on the 
left. Virus infections are indicated above each panel. Original magnification, X25. 



caspases in general are involved in E1 A-induced apoptosis 
during adenovirus infection, we tested whether inhibition of 
caspase activity by Z-VAD-FMK could inhibit induction of 
apoptosis during infection of HeLa ceils by mutant adeno- 
virus lacking functional E1B 19K. 

HeLa cells were mock infected, infected with the wild- 
type Ad5tf/309 virus, or infected with the Ad5d/337 virus, 
which contains a deletion in the E1B 19K coding se- 
quence and induces apoptosis (Pilder eta/., 1984; White 
et al, 1984; White and Stillman, 1987). Infected HeLa 
cells were then treated in parallel with either the Z-FA- 
FMK control peptide or the Z-VAD-FMK peptide inhibitor. 
Apoptosis induction was monitored by observing the 
appearance of extreme changes in the cell morphology 
{cyt phenotype) and DNA degradation {deg phenotype). 

Mock-infected cells treated with either control peptide 
or Z-VAD-FMK did not exhibit any cyt phenotype (Fig. 1). 
HeLa cells infected by Ad5d/309 and treated with either 
Z-FA-FMK or Z-VAD-FMK peptide also did not exhibit the 
cyt phenotype (Fig. 1). Thus peptide treatment did not 
produce nonspecific morphological effects on mock- or 
wild-type virus- infected HeLa cells. Cells that were in- 
fected by Ad5d/337 and were treated with the control 
peptide exhibited the cyt phenotype, apparent from the 
extensive rounding and detaching of cells from the dish 
(Fig. 1). This was expected since the control peptide 
would not protect the cells from induction of apoptosis by 
Ad5d/337 virus infection, in contrast, treatment of 
Ad5d/337-infected cells with the Z-VAD-FMK inhibitor 



blocked induction of the pronounced morphological 
changes characterized by the cyt phenotype (Fig. 1). 
Thus inhibition of caspases inhibited morphological in- 
dications of apoptosis during mutant adenovirus infec- 
tion, suggesting that caspases play a role in those 
events caused by E1 A-induced apoptosis during adeno- 
virus infection of human cells. 

Analysis of the deg phenotype showed similar results. 
Mock-infected cells and cells infected by Ad5cV/309 did not 
display DNA fragmentation, and treatment with either pep- 
tide had no effect (Fig. 2, left panel). The deg phenotype 
was observed in cells infected by Ad5tf/337 treated with the 
control peptide, as indicated by the appearance of DNA 
fragmentation, but was not observed in cells treated with 
the Z-VAD-FMK inhibitor (Fig. 2, left panel). Restriction anal- 
ysis of viral DNA from infected cells indicated efficient viral 
replication had taken place to a similar extent in all the 
infections (Fig. 2, right panel), indicating that Z-VAD-FMK did 
not block apoptosis by inhibiting virus replication. Thus, by 
inhibiting ICE-like caspases, two distinct apoptosis pheno- 
types {cyt and deg) in mutant adenovirus-infected HeLa 
ceils were inhibited. 

The Z-VAD-FMK inhibitor blocks the proteolysis of 
specific substrates during apoptosis in adenovirus- 
infected HeLa cells 

Inhibition of apoptosis by Z-VAD-FMK during E1B 19K 
mutant adenovirus infection implies that the protection 
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FIG. 2. Z-VAD-FMK treatment inhibits DNA degradation (deg pheno- 
type) during apoptosis in adenovirus-infected HeLa cells. HeLa cells 
were mock infected or infected and then treated with peptides as 
described in Fig. 1. Concurrent to the observation of the cyt phenotype 
in Fig. 1, Hirt DNA was isolated from each infection and peptide 
treatment. The deg phenotype was monitored by agarose gel electro- 
phoresis. Treatment with control peptide or Z-VAD-FMK is indicated on 
the left. Viral infections are indicated above each lane. Panels: left, 
undigested DNA; right, H/ndlll-digested DNA. 

from cell death is due to blockage of caspase activity in 
the infected cells. Proteolytic activation of CPP32 and 
cleavage of nuclear iamins and PARP have been shown 
to occur during E1 A-induced, p53-mediated apoptosis in 
BRK cells (Rao et al, 1996; Sabbatini et al., 1997), and 
Z-VAD-FMK inhibits these cleavage events (Sabbatini et 
al., 1997). To determine whether these proteolytic events 
also occur in E1B 19K mutant adenovirus-infected HeLa 
cells undergoing apoptosis, and whether Z-VAD-FMK 
treatment can inhibit cleavage of these substrates, 
CPP32, nuclear Iamins, and PARP were monitored con- 
currently with manifestation or inhibition of the cyt and 
cleg phenotypes. 

Activation of CPP32 entails processing of the inactive 
zymogen into p17 and p11 active subunits (Nicholson et 
al., 1995). Detection of either subunit on a Western blot 
indicates that CPP32 is processed. Extracts from apop- 
tosing BRK cells and live BRK celis were used as positive 
and negative controls, respectively, for the presence of 
the p17 active subunit of CPP32 (Fig. 3). The p17 subunit 
was absent in cell extracts from mock-infected and 
Ad5c//309-infected cells treated with either Z-FA-FMK or 
Z-VAD-FMK (Fig. 3). Thus CPP32 was inactive in mock- 
infected and adenovirus-infected HeLa cells inhibited 
from undergoing apoptosis by E1B 19K expression. Sim- 
ilar findings were reported indicating that E1B 19K acts 
upstream to inhibit caspase activation in BRK cells (Sab- 
batini et al., 1997). In cells infected by Ad5c//337 in the 



presence of control peptide that were undergoing apop- 
tosis, p17 was present in abundance (Fig. 3), whereas 
treatment of Ad5d/337-infected cells with the Z-VAD-FMK 
inhibitor blocked the appearance of p17 (Fig. 3). Thus 
CPP32 was activated in ceils undergoing apoptosis and 
inhibited from activation when cells were rescued from 
apoptosis by Z-VAD-FMK. 

Cleavage of nuclear Iamins A/C into 47K and 37K 
proteolysis products has been observed in apoptosing 
celis (Ankarcrona et al., 1996; Oberhammer et al., 1994; 
Orth etal., 1996; Rao etal, 1996; Takahashi etal, 1996). 
In mock-infected and Ad5d/309-infected HeLa cells 
treated with either the control or the Z-VAD-FMK peptide, 
iamin cleavage was undetectable by Western blot anal- 
ysis (Fig. 3), as was expected since these cells were 
viable. A band migrating close to 47K is observed in the 
lane representing mock infection treated with Z-VAD- 
FMK (Fig. 3). However, this band migrates slightly below 
47K, suggesting that it is only a background band. Also, 
the 37K Iamin cleavage product is absent in the lane, 
suggesting that the enzymatic activity which produces 
this product is absent. The cleavage products of Iamins 
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FIG. 3. Inhibition of cleavage of CPP32, nuclear iamins, and PARP 
during apoptosis in mutant adenovirus-infected HeLa cells by Z-VAD- 
FMK treatment. Whole cell lysates were made from the mock- or 
virus-infected HeLa cells treated with either Z-VAD-FMK or Z-FA-FMK 
(Fig. 1), and cleavage products of CPP32, laminA/C, and PARP were 
monitored by Western blot analysis. The CPP32-p17 polyclonal anti- 
body was used to detect the pi 7 active subunit of CPP32. The mono- 
clonal antibodies C2-10 and IE4 were used to detect PARP and Iamin 
A/C, respectively. p53AN1, a BRK cell line transformed by E1A and a 
temperature-sensitive p53(va!135) mutant. 32 °C, protein extract from 
apoptosing p53AN1 cells serving as positive control for CPP32 activa- 
tion. 38°C ( protein extract from healthy p53AN1 cells serving as neg- 
ative control for CPP32 activation. Viral infections are indicated at the 
top of the panel; (+) presence of the indicated peptide and (-) absence 
of the indicated peptide. The full-length CPP32 and the active p17 
subunit are indicated on the right. The full-length and cleavage prod- 
ucts of both PARP and Iamin A/C are also indicated on the right. 
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A/C were detected in Ad 5 d/33 7- infected cells treated 
with control peptide and undergoing apoptosis, but not in 
Ad5cY/337-infected cells rescued from apoptosis by the 
Z-VAD-FMK peptide inhibitor (Fig. 3). 

Cleavage of PARP into an 85K product has also been 
observed during apoptosis, as a function of CPP32, 
Mch2, Mch3, or lch-1 activity (Fernandes-Alnemri et al., 
1994, 1995a,b; Nicholson et al., 1995; Tewari et al t 1995; 
Wang et al,, 1994), In mock-infected cells, the 85K PARP 
cleavage product was observed at very low background 
levels (Fig. 3). Since a small amount of background PARP 
cleavage was observed in both Z-FA-FMK- and Z-VAD- 
FMK-treated cells, it appeared to be a nonspecific event. 
What caused the background PARP cleavage is unclear, 
It could be that there is basal PARP cleavage activity 
present in the live cell or that there are background 
levels of cell death. If the PARP cleavage is due to 
background cell death, it is unlikely to be caused by 
toxicity of the Z-VAD-FMK inhibitor alone since the level 
of PARP cleavage in both the control peptide- and the 
Z-VAD-FMK inhibitor-treated samples were equivalent. In 
Ad5d/309-infected HeLa cells, PARP cleavage was unde- 
tectable (Fig. 3), as expected since E1 B 19K is present in 
a wild-type adenovirus infection, and is reported to func- 
tion upstream of protease activation (Bouiakia et al., 
1996; Rao et al., 1996; Sabbatini et al., 1997). In cells 
infected with Ad5c//337 that were undergoing apoptosis 
in the presence of control peptide, the 85K PARP cleav- 
age product was detected in abundance, as expected 
since CPP32 was activated (Fig. 3), and lamin cleavage 
indicative of Mch2 activity was observed (Fig. 3). How- 
ever, the 85K PARP cleavage product was also present in 
relative abundance in Ad5c//337-infected ceils treated 
with Z-VAD-FMK, even though CPP32 activation and 
lamin cleavage were inhibited and cells were rescued 
from apoptosis (Fig. 3). It is conceivable that PARP cleav- 
ing proteases other than CPP32 were present. Alterna- 
tively PARP cleavage may not be involved in apoptosis, 
since basal levels of the PARP cleavage product were 
detected in mock-infected cells, which were not under- 
going apoptosis (Fig. 3). 

Inhibition of apoptosis by Z-VAD-FMK increases virus 
yield 

It has been suggested that apoptosis is a mechanism 
by which the host cell prematurely terminates viral infec- 
tion. If this is true, than inhibition of apoptosis would 
allow infection to go to completion, thus increasing the 
total virus production. To determine whether inhibition of 
apoptosis by Z-VAD-FMK could increase virus produc- 
tion, the infectious virus yield from E1B 19K mutant ad- 
enovirus-infected and apoptosing cells were compared 
to that from infected cells rescued from apoptosis by 
Z-VAD-FMK. The infectious virus yield from wild-type ad- 
enovirus infection served as a control. 
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FIG. 4. Inhibition of apoptosis by Z-VAD-FMK causes an increase in 
virus production in HeLa cells. HeLa cells were infected with Ad5d/309, 
Ad5d/337, 12S, or 12S.337 viruses and then treated with either Z-FA- 
FMK or Z-VAD-FMK. When infection is complete as indicated by cells 
rounding up and floating off the surface of the dish, cells and culture 
medium were harvested and infectious virus yield was determined by 
plaque formation on 293 celis. Infection was complete after 48 h for 
Z-FA-FMK-treated Ad5d/309 and Ad5ctf337 infections and after 72 h for 
Z-VAD-FMK-treated Ad5d/309 and Ad5c//337 infections and all the 12S 
and 12S.337 infections. The Y axis represents the virus yield in 
PFU(xi0 3 )/ml. The X axis represents the different viral infections and 
peptide treatments. The gray columns represent infectious virus yields 
from infections treated with the Z-FA-FMK control peptide. Hatched 
columns represent infectious virus yield from infections treated with 
Z-VAD-FMK. Viruses used for each infection are indicated at the bottom 
of the graph. 



The virus yield from Ad 5 d/309- infected cells treated 
with Z-VAD-FMK was 1.0 X 10 8 PFU/ml, which was 11 
times greater than that from the same infection treated 
with control peptide (8.8 X 10 6 PFU/ml) (Fig. 4). Thus 
Z-VAD-FMK augmented virus replication independent of 
inhibition of apoptosis by E1B 19K. 

The Ad5tf/337-infected ceils treated with Z-VAD-FMK 
produced a virus yield of 8.4 X 10 8 PFU/ml, which was 
about 300-fold greater than the virus yield from control 
peptide treatment (3.0 X 10 6 PFU/ml) (Fig. 4). Thus inhi- 
bition of apoptosis contributed even more greatly to an 
increase in virus yield in the absence of E1B 19K expres- 
sion. It was unexpected that virus production by 
Ad5d/337 in the presence of ZVAD-FMK would be dra- 
matically greater than with the wild-type adenovirus (Fig. 
4). This suggested that the E1B 19K protein may sup- 
press virus replication independent of its role as an 
apoptosis inhibitor. 

A second set of replication-defective adenoviruses 
(12S and 12S.337) expressing the 12S E1A product were 
also evaluated in the same assay. Both 12S and 12S.337 
viruses express only the 12S gene product of E1A, which 
lacks a region that transactivates expression of down- 
stream viral genes and renders the virus partially defec- 
tive for replication (Berk, 1986; Lillie etai, 1987; Moran et 
al, 1986; Moran and Mathews, 1987), but 12S.337 has a 
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deletion of the E1B 19K gene (White et al., 1988). As a 
result, 12S.337 potently induces apoptosis in infected 
HeLa cells (White etal, 1988; White and Stillman, 1987). 
The cyt and deg phenotypes are more pronounced in 
12S.337-infected cells than in Ad5tf/3 37- infected cells 
(White etal., 1988; White and Stillman, 1987). 

Z-VAD-FMK treatment of 12S-infected cells resulted in 
a virus yield of 1.76 X 10 7 PFU/ml, which was 10 times 
greater than that of the control peptide treatment (1.8 X 
10 6 PFU/ml) (Fig. 4). Z-VAD-FMK treatment of 12S.337- 
infected cells produced a virus yield of 6.6 X 10 8 PFU/ml, 
which was about 200 times greater than that from the 
control peptide treatment (3.4 x 10 6 PFU/ml) (Fig. 4). As 
in the case with Ad5tf/337, Z-VAD-FMK treatment greatly 
enhanced 12S.337 virus replication over and above that 
of the 12S virus. From both sets of infections, inhibition of 
apoptosis by Z-VAD-FMK significantly increased infec- 
tious virus yields, suggesting that inhibition of caspases 
and apoptosis contributes to completion of the adenovi- 
rus infection cycle and maximization of viral progeny 
production in the host HeLa cells. 

Inhibition of apoptosis by Z-VAD-FMK attenuates 
release of viral particles into the environment 

Another event in apoptosis in infected ceils is prema- 
ture cell lysis and release of virus into the extracellular 
environment. To test whether inhibition of apoptosis by 
Z-VAD-FMK has any effect on virus release from infected 
HeLa cells, the percentages of virus release from the 
Ad5d/309, 12S, Ad5d/337, and 12S.337 infections treated 
with Z-VAD-FMK were compared to those from the same 
infections treated with control peptide. Virus release 
from cells infected by Ad5d/309 and treated with Z-VAD- 
FMK was fourfold less than that from Ad5d/309-infected 
cells treated with control peptide (Fig. 5). With Z-VAD- 
FMK treatment, a fourfold reduction in virus release was 
observed in the Ad5d/337 infection (Fig. 5). The reduction 
in the percentage of virus release from Ad5d/309 infec- 
tion was similar to that from Ad5t//337 infection. Thus the 
effect of Z-VAD-FMK on virus release was independent of 
E1B 19K, since functional E1B 19K is not expressed in 
Ad5tf/337 infection. Compared to the control peptide 
treatment, Z-VAD-FMK treatment of 12S-infected cells 
resulted in a twofold reduction in virus release (Fig. 5). 
Compared to control peptide treatment, Z-VAD-FMK 
treatment of 12S.337-infected cells resulted in sixfold 
less virus release (Fig. 5). Thus, the reduction in the 
percentage of virus release by Z-VAD-FMK treatment was 
threefold greater in the 12S.337 infection than in the 12S 
infection. Surprisingly, there was a reduction in virus 
release in all the infections by Z-VAD-FMK treatment. 

DISCUSSION 

inhibition of caspase activity in BRK cells blocks E1 A- 
induced, p53-mediated apoptosis (Rao et al., 1996; Sab- 
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FIG. 5. Inhibition of apoptosis attenuates release of viral particles 
from infected HeLa cells. HeLa cells were infected with Ad5o7309, 
Ad5d/337, 12S, or 12S.337 viruses and treated with either 2-FA-FMK or 
Z-VAD-FMK. When infection is complete (see Fig. 4), cells were sepa- 
rated from the culture supernatant, the infectious virus yield in the 
supernatant and cell pellet were determined, and the percentage of 
virus release was calculated. The percentage of virus release was 
calculated as the (virus yield in the supernatant/total virus yield) X100. 
The /axis represents the percentage of virus yield. The Xaxis repre- 
sents the different viral infections and peptide treatments. Open col- 
umns represent the percentage of virus release from infected cells 
treated with control peptide. Hatched columns represent the percent- 
age of virus yield from infected cells treated with Z-VAD-FMK. 



batini et al, 1997). We report here that inhibition of 
caspase activity also blocks E1 A-induced apoptosis dur- 
ing adenovirus infection of HeLa cells. Specifically our 
results showed that CPP32 and caspases which cleave 
lamin and/or PARP and possibly Mch2, Mch3, and lch-1 
(Fernandes-Alnemri etal., 1994, 1995a,b; Nicholson etal., 
1995; Orth et al., 1996; Tewari et al, 1995; Wang et al, 
1994) are likely involved in E1A-induced apoptosis. Our 
results also suggest that Z-VAD-FMK inhibits the apopto- 
sis pathway at, or upstream of, CPP32 activation, since 
CPP32 cleavage was detected in apoptosing cells and 
absent in protected cells. If Z-VAD-FMK inhibits the path- 
way upstream of CPP32, this would suggest that 
caspase activation in infected HeLa cells occurs in a 
cascade fashion and that CPP32 activation depends on 
the activity of an upstream caspase. Z-VAD-FMK also 
blocks the caspase pathway upstream of the lamin 
cleavage activity since lamin cleavage is detected in 
dying cells but not in protected cells. 

E1A expression during adenovirus infection of HeLa 
cells has been shown to induce both p53-dependent and 
-independent forms of apoptosis (Chiou and White, 1997; 
Teodoro et al, 1995). Also, the viruses used in this study 
contain intact El B 55K. The observation that E1 B 55K can 
inhibit p53-induced cell death (Marcellus et al, 1996), but 
is insufficient to inhibit E1A-induced apoptosis in HeLa 
cells, suggests that a p53-independent apoptosis path- 
way is active during infection. Whether E1B 55K is suffi- 
cient to inhibit p53-induced apoptosis in our experiments 
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is unclear since both p53-dependent and -independent 
apoptosis are activated. Complete blockage of apoptosis 
in Ad5cf/337-infected HeLa cells by Z-VAD-FMK sug- 
gested that caspases are essential for both p53-depen- 
dent and -independent forms of apoptosis in infected 
HeLa ceils. There is evidence, however, that inhibition of 
caspase activity with the Z-VAD-FMK inhibitor does not 
inhibit apoptosis induced by DNA damage, which has 
been shown to require p53, in Rat-1 fibroblasts (Kastan et 
aL, 1991; McCarthy et aL, 1997). One explanation for this 
aparent inconsistency is that different cell types have 
been used to study inhibition of p53-dependent apopto- 
sis by Z-VAD-FMK (McCarthy etal., 1997; Sabbatini etal., 
1997), and different caspases may be expressed in the 
different cell types. There may be caspases in the p53- 
dependent apoptosis pathway in Rat-1 fibroblasts which 
are uninhibitable by Z-VAD-FMK. Another explanation is 
that the concentrations of Z-VAD-FMK used may be in- 
sufficient to completely inhibit apoptosis. A third expla- 
nation is that there are caspase-independent apoptosis 
pathways in Rat-1 fibroblasts. 

Apoptosis induction is thought to be a host cell de- 
fense against viral infection. Inhibition of apoptosis has 
been reported to enhance production of human immu- 
nodeficiency virus (Antoni eta/., 1995; Chinnaiyan etal, 
1997; Sandstrom etal., 1996), simian immunodeficiency 
virus (Chang et aL, 1993), and the baculovirus Autogra- 
phs californica nuclear polyhedrosis virus (Clem and 
Miller, 1993) during infection of their respective host 
cells. Furthermore, adenovirus, Epstein-Barr virus, hu- 
man herpes virus 8, herpes simplex virus, African swine 
fever virus, and baculovirus all encode specific genes 
which inhibit apoptosis (Afonso etal., 1996; Brun et aL, 
1996; Cheng etal., 1997; Leopardi and Roizman, 1996; 
White et aL, 1992), reviewed in (Gooding, 1992; White, 
1993; White and Gooding, 1994). 

Loss of E1B 19K, which allows apoptosis to occur 
during adenovirus infection, is expected to result in less 
virus production. However, this is true for some, but not 
all, cell types (Pilder etal., 1984). In HeLa and WI38 cells, 
loss of E1B 19K function in mutant adenoviruses pro- 
motes viral production rather than attenuates it (White et 
aL, 1988). In these cell types, E1B 19K suppresses E1A 
expression and dampens E1A-dependent viral gene ex- 
pression (White et aL, 1988). E1 A expression stimulates 
cell cycle progression, which is believed to provide the 
machinery for efficient virus replication (reviewed in Mo- 
ran, 1993). Thus downregulation of E1A expression by 
E1B 19K may suppress cell cycle progression and virus 
replication (White et aL, 1988). The net result of E1 B 19K 
expression during infection is that virus production is 
enhanced by inhibition of apoptosis but slowed by inhi- 
bition of cell cycle progression due to downregulation of 
E1A expression. 

Inhibition of apoptosis by Z-VAD-FMK during E1B 19K 
mutant adenovirus infection of HeLa ceils caused an 



increase in virus production. This observation is ex- 
pected since Z-VAD-FMK inhibited apoptosis in the ab- 
sence of any negative effects on virus replication due to 
the absence of E1B 19K. Z-VAD-FMK also slightly in- 
creased production of the wild-type Ad5d/309 and 12S 
viruses, which did not detectably induce premature cell 
death. This may be possible if E1B 19K expression alone 
does not completely inhibit apoptosis, but Z-VAD-FMK 
treatment gives additive protection from apoptosis. An- 
other possibility is that E1B 19K inhibits apoptosis early 
during infection, but loses its protective function late 
during infection, thus allowing apoptosis to be reacti- 
vated. In this case, Z-VAD-FMK may inhibit the apoptosis 
late during infection, thus extending the adenovirus life- 
cycle to allow for more virus production. Alternatively, 
inhibition of caspases may enhance virus production 
independently of apoptosis inhibition. 

Inhibition of apoptosis by Z-VAD-FMK also caused a 
reduction in the release of all the virus we tested from 
the host ceil. This suggests that not only did premature 
virus released from the Ad5tf/337 and 12S.337 infections 
occur by apoptosis, but also that the final release of viral 
particles from the Ad5d/309 and 12S infections may also 
have occurred by apoptosis. Alternatively, it is possible 
that caspases that are unrelated to apoptosis but inhib- 
itable by Z-VAD-FMK are involved in the final virus re- 
lease mechanism. A third possibility exists that the re- 
duction in virus release is the result of a combination of 
increased virus production due to Z-VAD-FMK treatment 
and an unaltered rate of virus release by the host ceil. In 
this case, neither apoptosis nor caspases need be re- 
quired for virus release. 

The possibility that apoptosis is responsible for re- 
lease of virus particles at the end of a wild-type virus 
infection supports the idea that E1B 19K is not functional 
at late stages during infection. The primary function of 
E1B 19K may be inhibition of E1A-induced apoptosis 
early in the adenovirus infection by downregulation of 
E1A expression (White et aL, 1988) and through interac- 
tion with the proapoptotic Bcl-2 family members Bax and 
Nbk/Bik (Boyd et aL, 1994, 1995; Han et aL, 1996a,b). 
Then E1B 19K function may be actively shut down late 
during infection to allow cytolysis of the host eel! and 
release of viral progeny. 

An adenovirus E3-11.6K protein, also termed the ade- 
novirus death protein (ADP), has been proposed to be 
responsible for cytolysis of adenovirus infected cells at 
late stages of infection (Tollefson et aL, 1996). The pos- 
sibility arises that ADP may inhibit E1B 19K activity, and 
possibly the activity of other Bcl-2 family members, late 
during infection and thereby induce apoptosis to pro- 
mote virus release. Z-VAD-FMK may inhibit the "late ap- 
optosis" induced by suppression of E1B 19K function, 
which can account for the reduced virus release. How- 
ever, ADP has not been shown to induce morphological 
changes reminiscent of apoptosis (Tollefson et aL, 1996). 
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Thus, the possibility arises that the final cytolysis of 
adenovirus-infected cells is a pathway distinct from ap- 
optosis, but caspases are involved in both events. In 
conclusion, Z-VAD-FMK-inhibitable proteases may play a 
role in modulating the cellular response to adenovirus 
infection by both inducing apoptosis and enabling virus 
release. 

MATERIALS AND METHODS 
Cells, viruses, and viral infections 

HeLa cells were maintained in Dulbecco's modified 
Eagle's medium (DMEM) fortified with 10% fetal bovine 
serum (FBS). The wild-type Ad5d/309 virus and the mu- 
tant Ad5tf/337 virus, which lacks functional E1B 19K due 
to a deletion in the E1B 19K open reading frame, were 
used in the experiments and were described earlier 
(Jones and Shenk, 1979; Pilder etal, 1984). The 12S virus 
expresses only the 12S E1A gene product and the 
12S.337 virus expresses 12S E1A and lacks functional 
E1B 19K, and they have been described previously (Mo- 
ran et al, 1986; White et al, 1988; Zerler et al, 1986). 

Confluent monolayers of HeLa cells in 60-mm tissue 
culture plates were infected at a multiplicity of infection 
(m.o.i.) of 100 plaque-forming units (PFU)/cell with the 
Ad5c//309 or the Ad5d/337 virus for the apoptosis inhibi- 
tion assay (see below). For the virus production and 
release assays, HeLa ceils were infected with the 
Ad5tf/309 and Ad5cf/337 viruses at an m.o.i. of 0.1 PFU/ 
cell, and with the replication-impaired 12S and 12S.337 
viruses at an m.o.i. of 100 PFU/cefl, since these replica- 
tion-defective viruses have been shown to grow at high 
m.o.i. (Moran et al, 1986; White and Stillman, 1987). 

Protease inactivation and apoptosis inhibition assays 

The peptide Z-VAD-FMK was used in the assays as a 
general inhibitor of ICE-like caspases. The benzyloxycar- 
bonyl-Phe-Ala-fluoromethyl ketone (Z-FA-FMK) peptide 
was used as a nonspecific control peptide in the assays. 
Both were purchased from Enzyme Systems Products 
(Dublin, CA). Stock concentrations of 100 mM were pre- 
pared by dissolving each peptide in dimethyl sulfoxide 
(DMSO). 

At 6 h postinfection, Z-VAD-FMK or Z-FA-FMK was 
added to the ceil culture at a 25 \xM concentration. An 
additional 25 mm of peptide was added to the cell cul- 
tures 24 h later due to the short half-life of these pep- 
tides. At 48 h postinfection, cells were observed for 
appearance of the cyt phenotype, harvested for Hirt DNA 
extraction (deg phenotype) with a modified Hirt DNA 
extraction method (White etal., 1984), and harvested for 
preparation of whole cell extracts for Western blot anal- 
ysis. 



Western blot analysis 

Following infection and treatment with peptide in- 
hibitors, whole cell protein extracts were prepared and 
analyzed for the active p17 cleavage product of CPP32, 
cleavage products of PARP, which is a known sub- 
strate for CPP32, Mch2, Mch3, and lch-1 (Fernandes- 
Alnemri et al, 1994, 1995a; Nicholson et al, 1995; 
Tewari et al, 1995; Wang et al, 1994), and lamins, 
which are known Mch2 substrates (Orth etal, 1996). 
The anti-human CPP32-p17 polyclonal antibody (gen- 
erously provided by D. Nicholson, Merck Frosst, Mon- 
treal, Quebec, Canada) directed against the pi 7 sub- 
unit of human CPP32 was used to detect that polypep- 
tide and its cleaved products in infected cells. The 
monoclonal antibody C2-10 (Enzyme Systems Prod- 
ucts) was used to detect PARP and its cleavage prod- 
ucts. The 1E4 monoclonal antibody directed against 
lamin A/C (generously provided by Dr. F. McKeon, 
Harvard Medical School, Cambridge, MA) was used to 
detect lamins A and C and their cleavage products. 

Virus yield and release assays 

For the virus production assay, 25 jxm of Z-FA-FMK or 
Z-VAD-FMK was added at 6 h postinfection and at 24-h 
intervals thereafter. When infection was complete and 
cells were rounded and detached from the plate, cells 
and media were harvested. The control peptide-treated 
Ad5d/309 and Ad5tf/337 infections were harvested at 
48 h postinfection, and the Z-VAD-FMK-treated samples 
from the same infections were harvested at 72 h postin- 
fection. All the 12S and 12S.337 infections were har- 
vested at 72 h postinfection. For total virus yield, ceils 
plus media were frozen and thawed three times to re- 
lease the virus particles. The yield of infectious virus was 
determined by plaque formation on 293 cells. 

For the virus release assay, ceils and media were 
separated after harvest by low-speed centrifugation at 
1000 rpm for 3 min, The resulting ceil pellet was frozen 
and thawed three times and resuspended in 1 ml of 
DMEM. Infectious virus yields in the media and in the 
cell pellet were determined separately by plaque forma- 
tion on 293 cells. The percent virus release was calcu- 
lated as the ratio of infectious virus released into the 
medium to the total infectious virus yield. 
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Tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) induces apoptosis through two 
receptors. TRAIL-R1 (also known as death receptor 4) and TRA1L-R2 (also known as death receptor 5), that 
are members of the TNF receptor superfamily of death domain-containing receptors. We show that human 
adenovirus type 5 encodes three proteins, named RID (previously named E3-10.4K/14.5K), E3-14.7K, and 
E1B-19K, that independently inhibit TRAIL-induced apoptosis of infected human cells. This conclusion was 
derived from studies using wild-type adenovirus, adenovirus replication-competent mutants that lack one or 
more of the RID, E3-14JK, and E1B-19K genes, and adenovirus El-minus replication-defective vectors that 
express all E3 genes, RID plus E3-14.7K only, RID only, or E3-14.7K only. RID inhibits TRAIL-induced 
apoptosis when cells are sensitized to TRAIL either by adenovirus infection or treatment with cycloheximide. 
RID induces the internalization of TRA1L-R1 from the cell surface, as shown by flow cytometry and indirect 
immunofluorescence for TRAIL-RL TRAIL-Rl was internalized in distinct vesicles which are very likely to be 
endosoines and lysosomes. TRAIL-R1 is degraded, as indicated by the disappearance of the TRAIL-Rl 
immunofluorescence signal Degradation was inhibited by bafilomycin Al, a drug that prevents acidification of 
vesicles and the sorting of receptors from late endosomes to lysosomes, implying that degradation occurs in 
lysosomes. RID was also shown previously to internalize and degrade another death domain receptor, Fas, and 
to prevent apoptosis through Fas and the TNF receptor. RID was shown previously to force the internalization 
and degradation of the epidermal growth factor receptor. E1B-19K was shown previously to block apoptosis 
through Fas, and both E1B-19K and E3-14.7K were found to prevent apoptosis through the TNF receptor. 
These findings suggest that the receptors for TRAIL, Fas ligand, and TNF play a role in limiting virus 
infections. The ability of adenovirus to inhibit killing through these receptors may prolong acute and persistent 
infections. 



Adenovirus (Ad) has been widely studied as a model for 
virus replication, gene regulation, oncogenic cell transforma- 
tion, and immune evasion. Ad infection in cell culture pro- 
ceeds in well-regulated phases. The immediate-early El A 
proteins, derived from the E1A transcription unit, induce tran- 
scription of deiayed-early genes in the E1B, E2 } E3, and E4 
transcription units. Viral DNA begins to replicate at about 7 h 
postinfection (p.i.), and then late, primarily structural genes 
are expressed. Virions begin to assemble in the cell nucleus at 
about 1 day p.i. The cells begin to lyse at 2 to 3 days p.i. and 
release virus particles. 

It is important that the infected cell remain intact during this 
extended period of infection. Indeed, Ads have evolved pro- 
teins that protect infected cells against apoptosis induced by 
cells and agents of the immune system (reviewed in references 
14, 49, 69, 83, 87, 89, and 90). Most of these Ad proteins are 
encoded by the E3 and E1B transcription units. One such 
protein, named E3-gpl9K, is a membrane glycoprotein local- 
ized in the endoplasmic reticulum. E3-gpl9K forms a complex 
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with major histocompatibility complex class I antigens, blocks 
their transport to the cell surface, and prevents killing of in- 
fected cells by cytotoxic T lymphocytes (CTL). Three Ad pro- 
teins inhibit apoptosis induced by tumor necrosis factor alpha 
(TNF-a) and Fas ligand (FasL; also known as CD95L). These 
ligands are expressed on activated leukocytes and are also shed 
in functional form; interact with their cognate receptors, TNF 
receptor 1 (TNFR1) and Fas (also known as CD95 and Apol), 
respectively; and induce apoptosis by activation of caspases. 
The E3 protein named RID (for receptor internalization and 
degradation), a complex of the RIDa and RIDp proteins (for- 
merly known as E3-10.4K and E3-14.5K), is an integral mem- 
brane protein localized primarily on the cell surface (34, 67, 74, 
75). RID inhibits apoptosis through the Fas pathway (19, 65, 
72) by stimulating the internalization of cell surface Fas into 
endosomes, which are transported to lysosomes, where Fas is 
degraded (72). RID also inhibits TNF-induced apoptosis (23, 
42). Another E3 protein, a nonmembrane protein named E3- 
14.7K (78), independently inhibits TNF-induced apoptosis (22, 
24, 42). E3-14.7K is also reported to inhibit apoptosis induced 
through the Fas pathway (13). Finally, the protein named E1B- 
19K inhibits apoptosis induced through the TNF and Fas path- 
ways (21, 31, 56, 72, 84). 
TNF and FasL are members of the TNF superfamily. 
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TNFR1 and Fas are members of the TNFR stiperfamily and 
contain "death domains" (reviewed in references 28, 53, 61, 
and 62). Death domains are conserved protein domains that 
participate in protein-protein interactions leading to activation 
of caspases that mediate apoptosis. TNF-related apoptosis- 
inducing iigand (TRAIL [also known as Apo2L]) is another 
member of the TNF superfamily that induces apoptosis (51, 58, 
85), and two of the TRAIL receptors, TRAIL-R1 (also known 
as death receptor 4) and TRAIL-R2 (also known as death 
receptor 5), contain death domains (12, 54, 55, 64, 81). TRAIL 
and its receptors are expressed on many cell types (25). 

TRAIL and the TRAIL receptors have been shown to play 
a role in a number of viral infections. T cells from human 
immunodeficiency virus-infected patients are killed by TRAIL 
(35, 38). Human cytomegalovirus (CMV) infection of primary 
human fibroblasts increased cell surface expression of 
TRAILrRl and TRAIL-R2, and TRAIL displayed potent an- 
tiviral activity in vitro on human CMV-infected fibroblasts 
(63). TRAIL and TRAIL receptors contribute to the apoptosis 
and pathology associated with reovirus infection (16) and are 
suggested to be involved in immunosuppression observed with 
measles infection (80). 

TRAIL is emerging as another molecule used by cells of the 
immune system to kill virus-infected and tumor ceils. Reports 
indicate that activated T and B cells express TRAIL (50, 52) 
and that TRAIL mediates killing by CD4 + CTL (39, 70). 
Several groups have found that human natural killer (NK) cells 
express TRAIL (37) and show TRAIL-dependent cytotoxicity 
(35, 37). TRAIL and TRAIL receptor expression could also be 
induced in a number of cells by interferon (IFN) treatment. 
IFN-7 and TNF induced TR All., expression in primary human 
fibroblasts (63). Type I IFNs induced TRAIL expression on 
both CD4 + and CD8 + peripheral blood T cells (40). After 
IFN-7 or IFN-« treatment, human monocytes (27) and den- 
dritic cells (20) expressed TRAIL and were able to kill tumor 
cells. Following treatment of monocytes with Type I IFNs, 
monocytes developed into TRAIL-expressing dendritic cells, 
which showed antiviral and antitumor effects (62). Thus, it 
might be expected that the TRAIL pathway would be targeted 
for in activation by adenoviruses. 

In this study we show that the Ad RID, E3-14.7K, and 
E1B-19K proteins independently inhibit TRAIL-induced apo- 
ptosis. As is the case with Fas, RID stimulates the internaliza- 
tion and degradation of TRAIL-Rl. 

MATERIALS AND METHODS 

Cell lines. Human A549 lung carcinoma cells (American Type Culture Col- 
lection [ATCCj), human 293 ceils, and human He'La cervical carcinoma cells 
were grown in Dulbecco's modified essential medium containing 10% fetal 
bovine serum. HT29.14S cells (10) (received from Jeff Browning, Biogen. Inc.. 
Cambridge, Mass.; a clone derived from the HT29 colon carcinoma cell line 
[ATCC]) were grown in McCoy's medium with 10% fetal bovine serum. The 
B3- l4.7K-expressing lines 4-6-8F and 37-2-1-2B were derived from A549 cells 
stably cotransfected with piasmids pSV2neo and either pMT2-14.7K or pMT2~ 
14.7K(D37A) and selected in G418. The cell lines were isolated following sub- 
cloning of individual colonies. Clone 4-6-SF expresses the wild-type (WT) Ad5 
E3-14.7K protein; clone 37-2-I-2B expresses an B3-14.7K protein in which a 
point mutation (D37 changed to A37) has been built into E3-14.7K (this has 
been shown not to alter E3-14.7K function). 

Viruses. Viruses used in these studies include Ad type 5 (Ad5), J/309 (Ad5 
derivative; RID" 14,700-molecular-weight protein [14.7K] - ) (36), dllll (Ad5 
derivative; RID 14.7KT E1B-19K"") (3), IpS (Ad2 derivative with a point mu- 
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E1B-] 


rec700 


+ 


+ 


+ 


+ 


Ad 5 


+ 


+ 


+ 


+ 


dim 




















+ 


lp5 


+ 


+ 


+ 


- 


J/250 




H 


■I- 




J/764 


+ 




■t- 


+ 


dl r) k ) 






■f 


■1- 




■I- 


I 




+ 


ami 


+ 


+ 




+ 


pm76Q 


■f t- 


+ +• 




+ 


J/7000 






+ 


+ 


J/701 


+ 


+ 




+ 


J/704 


•f- 


-1- 


+ 


+ 


J/731 


-t- 


+ 


-1- 




pm 734.1 


■\- 


+ 


+ 




Ad/E3 


■\- 


+ 


+ 




Ad/RID/14.7K 


+ 


+ 


+ 




Ad/RID 


+ 








Ad/14.7K 






+ 





" All mutants except Ad/E3, Ad/RID/ 14.7K, Ad/RID, and Ad/14.7K are fully 
competent for replication in cultured cells. Ad/E3 is an El" replication-defective 
Ad vector expressing all E3 Ad proteins except ADP from the CMV promoter. 
E3 c-encoded proteins are named RIDa, RID& 14.7K, gp!9K, 6.7K, 12.5K, and 
ADP. RIDa. and RIDp Junction together as the protein complex named RID. 
Ad/RID/14.7K is an El vector expressing only RID and 14.7K. Ad/RID is an 
El vector expressing only RID. Ad/K7K is an E)~ vector expressing only 
14.7K. +, expressed; not expressed; + + , overexpressed; ±, underexpressed. 

*rec700 is an Ad5-Ad2-Ad5 recombinant and is the WT parent for mutants 
with 700 or 7000 numbers. Ad5 is the WT parent for J/1 11 and J/309. Ip5 and 
J/250 are derived from Ad2, which is very closely related to Ad5 and ret'700. 
J/701 lacks the gene for the E3-6.7K protein. J/704 lacks the eene for the 
E3-gpl9K protein. J/731 lacks the gene for the E3-12.5K protein. pm 734.1 lacks 
the gene for ADP (previously named E3-1I.6K). 



tation in E1B-19K) (68), J/250 (Ad2 derivative; E1B-19K"') (68),/ec700 (the WT 
parental virus for viruses with 700 numbers; an Ad5-Ad2-Ad5 recombinant) (88), 
J/758 (14.7K-) (8), J/7000 (Ad5 derivative expressing only 14.7K from E3) (59), 
J/701 (6.7K~) (6), J/754 (deletion and modification, of E3-6.7K C terminus and 
deletion of E3-gpl9K) (22), J/704 (E3-gpl9K - ) (6), J/731 (E3-12.5K") (8), 
pm734.1 (double point mutations eliminate the first two methionine codons of 
the Ad death protein [ADP]: ADP is not expressed) (76), J/762 (14.7K~) (8), 
J/764 (RIDfT) (74), J/799 (RID") (23), and pm760 (increased expression of 
RID; decreased expression of 14. 7K) (9). Table 1 provides additional informa- 
tion. Virus stocks were grown in KB suspension cultures, and virus titers were 
determined by plaque assay on A549 cells as described previously (73). 

Ad vectors. Ad/E3, Ad/R1D/1 4.7K, Ad/14.7K, Ad/RID, and Ad/null are rep- 
lication-deficient Ad vectors and were constructed according to the method 
described by Bett et al. (5): the construction will be described in detail else- 
where. Briefly, the E3 transcription unit of pm734A (76) was cloned into 
pcDNA3.1Zeo( + ) (Invitrogen, Carlsbad, Calif.). Ad /wi734.1 contains point 
mutations in the Met t and Met,, codons of the adp gene and therefore does not 
express functional ADP. The whole expression cassette (CM V promoter, intron, 
and E3 genes) was excised and cloned into pdlElsplA (Microbix, Toronto, 
Canada), resulting in plasmid p231. p231 (the precursor plasmid for Ad/E3) 
expresses all E3 proteins except ADP, as shown by immunoblotting and immu- 
nofluorescence. pODl is very similar to p23'L except it has the genes for the 
E342.5K, E3-6.7K, and E3-gpI9K proteins deleted; this plasmid was used for 
construction of Ad/RID/14.7K. pOD2 and pOD3 express only the 14.7K or the 
RID protein, respectively, and were used to construct Ad/14.7K and Ad/RID, 
respectively. p371 has all the E3 genes deleted but retains the CMV promoter; 
it was used to produce the control Ad/null (empty) vector. These piasmids were 
sequenced to verify the inserts and then were cotransfected with pBHGIO (Mi- 
crobix) into 293 cells. The viruses that resulted from recombinations were plaque 
purified three times on 293 cells, analyzed by DNA digestion using Hindlll, and 
tested for the absence or presence of specific E3 proteins by immunoblotting. 
indirect immunofluorescence, and immunoprecipitation (data not shown). The 
viruses were grown in 293 suspension cultures and purified by CsCl banding. 
Titers were determined by plaque assay on 293 cells. 
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Antibodies. A mouse monoclonal antibody (MAb) specific for TRAIL-R1 
(M271) (26) was obtained from Immunex Corp. (Seattle, Wash.). Antibodies to 
transferrin receptor (TfnR) (OKT9) and Fas (M38) were from hybridoma ceil 
lines obtained from ATCC. Antibody to the epidermal growth factor receptor 
(EGFR) (528) was purchased from Santa Cruz Biotechnology (Santa Cruz, 
Calif.). Rabbit polyclonal anti-peptide antibody to the Ad DNA binding protein 
(DBP) was a gift from Maurice Green (48). Rabbit polyclonal anti-peptide 
antibody to RIDp has been described previously (74). Fluorochrome-conjugated, 
affinity-purified secondary antibodies were purchased from Cappel/ICN (Costa 
Mesa, Calif.). 

Phase microscopy. A 549 cells were infected with 100 PFU (or 10 PFU/ceil for 
<il\ll) of the indicated viruses/cell. At J. 4 h p.i., the ceils were treated with 
TRAIL (200 ng/ml) in medium containing 25 p,g of cycloheximide (CHX)/ml. 
After 7 h of TRAIL treatment, the cells were photographed on Tmax 400 film on 
a Nikon TMS inverted microscope. 

Indirect immunofluorescence. A549- or HeLa cells were plated on glass cov- 
ers! ips. The cells were infected with 50 to 400 PFU of virus/cell (as indicated in 
the figure legends). Some cells were treated with bafilomycin Al (Baf) (0.1 jxM) 
to inhibit acidification of lysosomes and to disrupt lysosomal degradation of 
internalized proteins (79, 91). The cells were lixed at the times indicated, in the 
figure legends. For EGFR and RIDp staining, cells were fixed in methanol 
(-2CPC) containing 4',6-diamidino-2-phenylindole (DAPI) for 10 min. For 
TRAIL-RI. or DBP staining, cells were fixed in 3.7% paraformaldehyde for 10 
min at room temperature and then permeabilized with methanol (-20°C) con- 
taining DAPI for 6 min. The cells were rehydrated with three washes of phos- 
phate-buffered saline and then were stained with antiserum to TRAIL-R1 
(M271) at a concentration of 10 jj,g/ml. EGFR MAb (528) was diluted to 1 |xg/ml; 
DBP and RIDp antisera were used at 1:400 and 1:250 dilutions, respectively. All 
antibodies were diluted in phosphate-buffered saline containing 1% bovine se- 
rum albumin and 0.1 % sodium azide. The secondary antibodies were affinity- 
purified goat anti-mouse immunoglobulin G (IgG)-fiuorescein isothiocyanate 
(FITC) conjugate for the MAb and goat anti-rabbit IgG-FITC conjugate for the 
rabbit polyclonal antibodies (Cappel/ICN). The mounting medium contained 
p-phenylenediamine as an an ti fading agent. The cells were photographed on 
Tmax 400 film on a Nikon Opliphot microscope equipped with epifiuorescence. 
The film was developed in Diafme developer (Accufine) and axed in Kodak fixer. 

Apoptosis assays. Apoptosis assays were conducted at 1 to 2 days p.i., a period 
well before these assays detect virus-induced cytotoxicity. Cells were infected 
with 100 PFU of the El B-19'K-positive replication-competent viruses/cell. For 
the BIB- 1 9K-negative viruses dill I (11250, and Ip5, 5 to 25 PFU /cell was used (to 
reduce the cytolytic phenotype of these mutants). To confirm that cells were well 
infected, an immunofluorescence assay of DBP expression was quantitated at 
approximately 24 h p.i. For the El-minus replication -defective vectors, 5 to 20 
PFU/cell was used. For all viruses and vectors, cells at 4 to 5 h p.i. were 
liypsinized, diluted, and plated into 96-well plates. At approximately 24 h p.i., the 
cells were treated with serial dilutions of TRAIL (0.5 to 50 ng of leucine zipper 
TRAIL/ml; received from Immunex) (82) in medium containing 25 ngof CHX/ 
ml. After approximately 24 h of TRAIL treatment, the supernatants were re- 
moved from the wells and assayed for lactate dehydrogenase (LDH) release 
using the CytoTox96 assay (Promega, Madison, Wis.). The following equation 
was used: percent specific lysis = (absorbance with TRAIL absorbance with 
CHX)/(maximum absorbance - absorbance with CHX) X 100. The E3-14.7K 
stably transfected cell lines and their parental A549 cells were treated with 1 ng 
of TRAIL/ml for 25 h. and then trypan blue exclusion was used to determine the 
percentage of viable cells. 

In some experiments, cell viability was assayed in parallel with the CellTiter 96 
Aqueous One Solution cell proliferation assay (Promega). MTS (Owen's re- 
agent.) is bioreduced to a colored formazan product, which is soluble in the tissue 
culture medium and is measured at 490 nm in the original tissue culture plate. 

Flow cytometry. Ceils were infected at 100 to 150 PFU of replication-compe- 
tent viruses/cell or 5 to 20 PFU of El -minus replication-defective viruses/cell, 
and staining was begun at 23 to 24 h pi. as indicated in the figure legends. Live- 
cells were incubated on ice with mouse monoclonal primary antibodies in fluo- 
rescence-activated eel! sorter buffer at the following concentrations: TRAIL-R1 
(M271), 5 jxg/ml; Fas MAb (M38) s 1:4 dilution of culture supernatant; EGFR 
MAb (Santa Cruz 528), 1 jig/ml; TfnR MAb (OKT9), 1:4 dilution of culture 
supernatant. The secondary antibody was affinity-purified goat anti-mouse IgG- 
FITC conjugate (whole molecule; Cappel/ICN). The cells were analyzed on a 
FACScaliber flow optometer using Cell Quest software. The figures are pre- 
sented as three-dimensional overlays of the flow cytometry data. Each curve 
represents data from 10,000 gated events. 



RESULTS 

RID, E3-14.7K, or E1B-19K protein is required to inhibit 
TRAIL-induced apoptosis in Ad-infected cells. Human A549 
cells were mock infected or infected with WT Ad (named 
reclOO). At 19 h p.i., the ceils were treated for 26 h with TRAIL, 
(20 ng/ml) plus CHX (25 ng/ml). CHX was used because it 
increases the sensitivity of cells to apoptosis induced by TRAIL 
(44) and TNF (41, 44, 53). The cells were fixed, permeabilized 
with methanol containing DAPI (to stain nuclei), and then 
immunostained for the Ad-coded DBP. With mock-infected 
cells, nuclei were apoptotic, i.e., they were shrunken, the DNA 
was condensed, and apoptotic bodies were apparent (Fig. 1 A). 
Cells infected with WT Ad, indicated by the speckled staining 
pattern for DBP in the cell nucleus, had nonapoptotic nuclei 
(Fig. IB). We conclude that TRAIL induces apoptosis in A549 
cells and that this apoptosis is inhibited by Ad infection. 

Virus mutants lacking combinations of the RID, E3-14.7K, 
and E1B-19K proteins (Table I), previously shown to inhibit 
TNF- and Fas agonist-induced apoptosis, were tested to deter- 
mine whether these viral proteins also inhibit TRAIL-induced 
apoptosis. A549 cells were infected, treated with TRAIL plus 
CHX, and then examined by phase-contrast microscopy. 
Mock-infected cells were apoptotic, but WT Ad-infected cells 
remained flat, attached, and viable (Fig. 2A and B). With a 
mutant lacking RID and E3-14.7K but expressing E1B-19K 
(i.e., RUT 14.7K™ E1B + ) (d/309) or a mutant expressing RID 
and E3-14.7K but not E1B-19K (RID H ' 14.7K 4 E1B-19KT) 
(lp5), most of the cells remained viable (Fig. 2C and D). How- 
ever, with a RID *" 14.7K" E1B-19K" mutant the cells 
were killed by TRAIL plus CHX (Fig. 2E) but not by CHX 
alone (Fig. 2F). These results indicate that Ad has at least two 
independent functions that inhibit TRAIL-induced apoptosis, 
one being E1B-19K and the other being RID, E3-14.7K, or 
both E3 proteins. 

TRAIL-induced apoptosis was further examined by release 
of LDH from A549 cells, and additional virus mutants were 
tested (Table 1). TRAIL plus CHX induced apoptosis in 
mock-infected cells, and this was inhibited bv WT Ad (reclQQ 
or Ad5) but not by a RID" 14.7K" E1B-19K" mutant 
as indicated by three independent assays: LDH release (Fig. 
3A), trypan blue exclusion (data not shown), and the MTS 
assay for mitochondrial activity (data not shown). Similar LDH 
release results were obtained with HeLa cells (Fig. 3B). Par- 
allel immunofluorescence studies indicated that nearly all the 
(ill 11 -infected cells were expressing DBP (i.e., the cells were 
well infected) and that the DBP-positive cells had apoptotic 
nuclei (data not shown). TRAIL-induced killing was prevented 
by any mutant that expresses at least one of the E1B-19K, RID, 
or 14.7K proteins; the data are represented by the overlapping 
curves near the bottom of Fig. 3A and B. For example, 
TRAIL-induced apoptosis was blocked by mutants with the 
following genotypes: RID + 14.7K+ E1B-19K" (lp5 andd/250), 
RID" 14.7K" E1B-19K + (rf/309), RID™ 14.7K + E1B-19K + 
(dJ.164 and rf/7000), RID h 14.7K E1B-19K+ (d/758), and 
RED + + 14.7K* E1B-19K+ (i.e., RID overexpressed and 14.7K 
underexpressed) (pmlGQ). These data are consistent with those 
in Fig. 2 and indicate that E1B-19K and one or both of the 
RID and E3-14.7K proteins inhibit TRAIL-induced apoptosis 
of Ad-infected A549 or HeLa cells. When examined by immu- 
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FIG. 1. Ad infection inhibits TRAIL-induced apoptosis as assessed by nuclear morphology. A549 cells were mock infected or infected with WT 
Ad (reclQQ) (100 PFU/cell). At 19 h p.i., the cells were treated with leucine zipper TRAIL (20 ng/ml) plus CHX (25 jxg/ml). Alter 26 h, the cells 
were fixed in paraformaldehyde and then permeabilized with methanol containing DAPI. The cells were immunostained for the Ad- encoded DBF 
(72). (A) Two fields of mock- infected DAPI -stained nuclei. All the nuclei shown are apoptotic. (B) The same field of WT Ad-infected cells 
immunostained for DBF (left) and stained with DAPI (right). All the infected cells shown, as indicated by the speckled staining for DBP in the 
nucleus, had nonapoptotic nuclei. 



nofluoiescence, both mock- and dili 1-infected cells showed 
loss of cytochrome c from mitochondria and activation of 
caspase 3, indicating that the cells were undergoing apoptosis 
(data not shown). 

The mutants shown in Fig. 3 A and B do not distinguish 
between RID and E344.7K because every mutant that lacks 
one of these proteins also expresses E1B-19K. To examine 
RID specifically, an experiment was conducted in human 
HT29.14S cells, a clone of HT29 cells selected for sensitivity to 
TNF, Fas agonist MAb, and lymphotoxin a t and p 2 (10). In 
these cells, neither the E1B-19K nor E3-14:7K protein pre- 
vents Fas agonist- induced apoptosis (65), and this proves also 
to be true for TRAIL. TRAIL plus CHX lysed cells infected 
with a RID 14.7K" E1B + mutant (dl309) or a RID" 14.7IC 
E1B + mutant (dl!6A) (Fig. 3C); since dl309 expresses E1B-19K 
and dll(A expresses E1B-19K and E3-14.7K, the data indicate 
that E3-14.7K and E1B-19K do not inhibit TRAIL-induced 
apoptosis in these cells. TRAIL plus CHX did not kill cells 
infected with three mutants that express RED, d/758 (14.7K"), 
pm760 (RID + 4 14.7K*), and lp5 (E1B-19K") (Fig. 3C). These 
results establish that RID, but not E3-14.7K or E1B-19K, is 
required to inhibit TRAIL-induced apoptosis in Ad-infected 
HT29.14S cells. 



Ad infection sensitizes cells to TRAIL-induced apoptosis, 
and RID is required to inhibit TRAIL-induced apoptosis in 
HT29.14S cells. In the results shown so far, cells were treated 
with TRAIL in the presence of CHX. Ad-infected HT29.14S 
cells were also examined for apoptosis induced by TRAIL in 
the absence of CHX. The cells were mock infected or infected 
with various mutants and treated with 0.5, 5.0, or 50 ng of 
TRAIL/ml at 23 h p.i., and then cell lysis was determined at 
46 h p.i. by release of LDH Mock-infected cells were not killed 
by TRAIL, nor were cells infected with WT Ad (reel 00) or an 
E3 + E1B-19K" mutant (lp5) (Fig. 3D). In contrast, cells were 
lysed by TRAIL when infected with a mutant (dl!64) that lacks 
only RID and a mutant (rf/309) that lacks RID and 14.7K (Fig. 
3D). 

These data support three conclusions. First, uninfected 
HT29.14S cells are not sensitive to TRAIL in the absence of 
CHX. Second, Ad infection sensitizes the cells to TRAIL; this 
property is revealed in the infections with the mutants that lack 
RID, i.e., Ad infection rendered the cells susceptible to 
TRAIL. Third, RED, but not E3-14.7K or E1B49K, is required 
to inhibit TRAIL-induced apoptosis of Ad-infected HT29.14S 
cells in the absence of CHX. 
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C. d/309(E3-,E1B + ) D. /p5 (E3\ E1B') 




E. d/111 (E3 _ , E1B") F. d/111 (CHX only) 




FIG. 2. Ad E3 and E1B-I9K proteins inhibit TRAIL-induced apoptosis as indicated by cell morphology. A549 cells were infected with Ad 
mutants (100 PFU/cell), treated with leucine zipper TRAIL (200 ng/ml) plus CHX (25 jJLg/ml) at 14 h p.i., and then photographed after 7 h under 
phase-contrast microscopy. The lens magnifications were 100X (A to E) and 50 X (F). See Table 1 for a description of the mutant genotypes. 
Mock-infected and ^ill-infected (dl 111 lacks E1B-19K, RID, and 14.7K) cells are apoptotic; viruses expressing E1B-19K or E3 proteins are 
protected, dtflll-infected cells treated only with CHX are not apoptotic. 



RID stimulates the internalization of cell surface TRAIL-R1 
into putative lysosomes. We have shown that RID causes the 
internalization of cell surface Fas into putative endosomes, 
which are transported to lysosomes where Fas is degraded 
(72). As a result, RID inhibits Fas agonist MAb-induced 
apoptosis. We have also shown that RID forces the internal- 
ization of EGFR into endosomes and tysosomes, where EGFR 
is degraded (11, 77). We have now addressed whether this 
scenario also applies to TRAIL-RL HeLa cells were mock 
infected, infected with WT Ad (rec700), or infected with a 
series of mutants that have individual E3 genes deleted. These 
mutants were reclOO (WT), dHOl (E3-6.7K - ), dll04 (E3- 
gpI9K"), rf/731 (E3-12.5KT), /;w734.1 (ADP~), dl762 
(14.7K "), and dH99 (RID"). At 23 h p.i., unfixed cells were 
stained and examined by flow cytometry for cell surface 



TRAIL-R1 and Fas. Both receptors were removed from the 
ceil surface by WT Ad and any mutant that expresses RID 
(Fig. 4). In contrast, these receptors were not cleared by the 
mutant (dll99) that lacks only RID. Similar results were ob- 
tained in A549 cells (data not shown). Thus, RID is necessary 
to remove TRAIL-R1 and Fas from the cell, surface. 

An additional point to note is that the RID" mutants ex- 
press both E3-14.7K and E1B-19K. Therefore, these proteins 
apparently do not play a role in down-regulating these recep- 
tors. 

To address whether RID causes TRAIL-R1 to internalize 
into endosomes and lysosomes, A549 cells were mock infected 
or infected with WT Ad (rec700) or a RID" mutant (d/309) 
and then examined for TRAIL-R1 by indirect immunofluores- 
cence at 6 and 23 h p.i. At 6 h p.i., the Ad infection is in the 
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FIG. 3. The RID, E3-14.7K, and E1B-19K proteins inhibit TRAIL-induced apoptosis of Ad-infected cells. (A) Human A549 cells were infected 
with Ad mutants (100 PFU/cell). At 22 h p.L the cells were treated with leucine zipper TRAIL (0.5, 5.0, and 50 ng/mi) plus CHX (25 jjig/ml). After 
28 h, apoptosis was determined coiorimetrically based on release of LDH. The viruses used were mock, rec7Q0, dZlll, tf/309, IpS, dl25Q,pm76Q, 
dP64, and tf/7000. (B) Human HeLa ceils infected with Ad mutants (100 PFU/cell) were treated with TRAIL and CHX at 21 h p.i. and 
assayed for LDH release after 24 h of treatment. The viruses used were mock, /ec700, dllll, dBQ9, lp5, dl!64, d/758, rf/7000, and Acl5, (C) Human 
HT29.14S cells were infected with Ad mutants (100 PFU/cell). At 22 h p.i., the cells were treated with TRAIL and CHX. An LDH. assay was done 
after 26 h of treatment. The viruses used were rcc700, dB09, IpS, dl764 7 rf/758, and pm760. (D) Human HT29.14S cells were infected with Ad 
mutants (100 PFU/cell). The cells were treated with TRAIL (no CHX) at 23 h p.i. and assayed for LDH release after 23 h of TRAIL treatment. 
The viruses used were mock, rec700, rf/309, c#764, and IpS. X, mock; B, rf/111 fRID~ 14.7K" E1B~); #, /-ec700 (WT); ♦ d/309 (RID" 14 7K~V 
A, lp5 (E1B-); *, d!250 (E1B "); A, rf/764 (RIDp ); Q rf/758 (14.7KT); 0,pmlGQ (RID + increased; 14.7K + decreased); o/d/7000 (RID "); +, Ad5 
(WT). The error bars indicate standard deviations. 



early phase (prior to Ad DNA replication), when RID is 
present in quite small amounts. At 23 h, the infection is in late 
stages, and RED has been in the cell for about 20 h and has 
accumulated in larger amounts. With mock-infected cells, 
there was uniform TRAILER 1 staining on the cell surface and 
also some internal Goigi-like punctate staining (Fig. 5 A and 
D). With WT Ad at 6 h, TRAILER 1 had been cleared from the 
surfaces of about half the cells, and many vesicles were appar- 
ent (Fig. 5B). At 23 h, there was very little staining of TRAIL- 



Rl, and only a few cells had vesicles (the field shown in Fig. 5E 
was selected to show these few cells). With the REIT mutant 
(fif/309), TRAII^Rl was not removed from the cell surface 
(Fig. 5C and F). Thus, RID causes internalization of cell sur- 
face TRAILER 1 into putative endosomes and lysosomes, re- 
sulting in disappearance, presumably degradation, of TRAIL- 
Rl. Attempts to show by immunoblotting that RID causes 
degradation of TRAJL-R1 were unsuccessful because 
TRAIL-R1 could not be detected. 
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FIG. 4. RID is required for internalization of TRAIL-R1 and Fas 
from the surface of Ad-infected He La cells. Cells were mock-infected 
or infected (150 PFU/cel!) with WT Ad (reclOO) or with E3 deletion 
mutants in which the genes for the individual E3 proteins have been 
deleted. At 73 h p.i., unfixed cells were stained with MAbs against 
TRAIL-R.l or Fas, incubated with goat anti-mouse FITC- conjugated 
secondary antibody, and analyzed by flow cytometry using a FACScali- 
ber flow cytometer and Cell Quest software (72). The mutants are as 
follows: «c700 (WT), d/701 (E3-6.7K"). c//704 (E3-apl9K~), dl.131 
(E3-lZ5K-),pm734.1(ADP-),£if762 (E3-14.7K" j, and dl!99 (RID" ). 



If TRATL-R1 is degraded in lysosomes, then its degradation 
should be inhibited by Baf. Baf, a specific inhibitor of the vacu- 
olar-type H + ATPase, prevents acidification of vesicles and the 
sorting of receptors from late endosomes to lysosomes (79, 91). 
Baf inhibits the RID-mediated degradation of Fas (72) and 
EGFR (data not shown). In the present study, Baf had only a 
marginal, effect on mock- or d/309-infected A549 cells, causing a 
modest accumulation of TRAIL-R1 -containing vesicles, probably 
by blocking a low level of constitutive degradation of TRAJL-Rl 
(Fig. 5G and I). With WT Ad infection (reclW), Baf caused 
TRAIL-R1 to accumulate in large vesicles rather than being de- 
graded (Fig. 5H). Baf did not affect clearance of TRAIL-R1 from 
the cell surface. These results strongly support the conclusion that 
RID mediates the degradation of TRAIL-R1 in lysosomes. 

RID and E3-14.7K are sufficient to inhibit TRAIL-induced 
apoptosis. The results shown above address, in the context of 
Ad infection, whether RID, E3-14.7K, and B1B-19K are re- 
quired to inhibit TRAIL-induced apoptosis and force 
TRAIL-R1 from the cell surface into putative endosomes and 
lysosomes. As a means to examine whether the E3 proteins are 



sufficient for these TRAIL-related effects, we employed repli- 
cation-defective Ad vectors that express E3 proteins (K. Toth, 
M. Kuppuswamy, K. Doronin, O. A. Doronina, A. E. Tolief- 
son, and W. S. M. Wold, unpublished data). One vector, 
named Ad/E3, contains an expression cassette with the entire 
E3 transcription unit driven by the CMV promoter-enhancer. 
Six E3 proteins are expressed from this vector, namely, RIDa, 
RIDp, E3-14.7K, E3-gpl9K, E3-6.7K, and E3-12.5K (data not 
shown). Other Ad proteins are not synthesized. A second vec- 
tor, named Ad/RID/14.7K, expresses only RID and E3-14.7K 
from the CMV promoter. A third vector, named Ad/RID, 
expresses only RID from the CMV promoter. A fourth vector, 
named Ad/14.7K, expresses only E3-14.7K from the CMV pro- 
moter. The control for the Ad vectors was infection with an 
empty Ad vector (Ad/null). A549 cells were mock infected or 
infected with WT Ad (reclOO) or the Ad vectors. The cells were 
treated with TRAIL plus CLIX at 24.5 h p.i., and apoptosis was 
measured at 52.5 h p.i. by release of LDI1 Mock-infected cells 
were iysed efficiently by TRAIL, and this lysis was strongly 
inhibited by WT Ad (Fig. 6A). The RID-expressing vectors 
also provided strong protection against TRAIL; the protection 
was slightly less than that of WT Ad, probably because the 
vectors lack E1B-19K (Fig 6 A). Ad/14.7K gave partial but 
significant protection, especially when. TRAIL was added at 5 
ng/ml (Fig. 6A). These results show that RID and, to a lesser 
extent, E3-14.7K are sufficient, in the context of these Ad 
vectors, to inhibit TRAIL-induced apoptosis. The RID-ex- 
pressing vectors also efficiently inhibited apoptosis mediated 
through the Fas pathway (data not shown). 

To address further whether E3-14.7K can function alone to 
block TRAIIw'nduced apoptosis, two clonal lines of stably 
transfected A549 cells expressing E3-14.7K were examined. 
These lines express good levels of E3-14.7K that are readily 
detected by immunoblotting or immunofluorescence (data not 
shown). Apoptosis was determined by a trypan blue exclusion 
assay. Most parental A549 cells were killed by TRAIL plus 
CIIX, whereas about 60% of both cell lines remained viable 
(Fig. 6B). A number of additional E3-14.7K-expressing clones 
had similar phenotypes (data not shown). Thus, E3-14.7K ex- 
pression is sufficient to inhibit TRAIL-induced apoptosis in 
these cell lines. 

'Die Ad vectors were also used to address whether RID is 
sufficient to clear TRAIL-R1 from the cell surface. HeLa cells 
were mock infected, infected with rec700, or infected with the 
Ad vectors. At 23 h p.i., the cells were stained for TRAJL-Rl 
or TfnR and then analyzed by flow cytometry. TfnR, the neg- 
ative control, was not affected (Fig. 7). TRAJL-Rl was cleared 
by reclOO and all vectors that express RID (Fig. 7). TRAIL-R1 
was not cleared by Ad/14. 7K or the empty vector. 

The Ad vectors were also used to examine the internaliza- 
tion of TRA.IL-R1 into vesicles in the absence and presence of 
Baf. A549 cells were mock-infected or infected with the vec- 
tors, treated with Baf (0.1 pM) at 3 h p.i., and then fixed and 
stained forTRAIL-Rl at 25 h p.i. With mock-infected cells not. 
treated with Baf, there was strong staining for TRAII^Rl on. 
the cell surface (Fig. 8). Baf had little effect on mock-infected 
cells. With the Ad/E3, Ad/RID/14.7K, and Ad/RID infections 
at 25 h p.i., most cells were no longer stained for TRAIL-R1, 
and with those that did stain, TRAJL-Rl was in vesicles rather 
than on the cell surface (Fig. 8). Similar results were obtained 
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FIG. 5. RID mediates internalization of cell surface TRAIL-R1 into putative endosomes and lysosomes, where TRAIL-Rl is degraded. (A to 
F) Cells were mock infected or infected with WT Ad (reclOO) or a RID" 14.7K" mutant (d/309). At 6 and 23 h p.i., the cells were fixed in 
paraformaldehyde and then permeabilized with methanol. The ceils were immunostained for TRAIL-R1 using the M27J. MAb (Immunex) and 
FITC-conjugated goat anti-mouse IgG. For the 6- and 23-h time points, 400 and 50 PFU of virus/ceil, respectively, were used. (G to I) Same as 
for panels D to F, except the cells were treated with Baf (0.1 jxM) beginning at 6 h p.i. 



in a parallel experiment in which the cells were immunostained 
for EGFR (data not shown). When cells infected with RID- 
expressing vectors were treated with Baf, TRA1L-R1 was 
cleared from the cell surface and it accumulated in brightly 
staining vesicles (Fig. 8). These results are similar to those 
observed with reclOO (Fig. 5). The Ad/14.7K vector, which 
express E3-147K but not RID, did not affect TRAIL-R1 lo- 
calization (data not shown). We conclude that RID expressed 



from the vectors is sufficient to force TRAIL-R1. from the cell 
surface into vesicles and to cause degradation (disappearance) 
of TRAIL-R1. The degradation of TRAIL-R1 very likely oc- 
curs in lysosomes, because it was inhibited by Baf. 

DISCUSSION 

We have shown that Ad has three independent proteins that 
inhibit TRAIL-induced apoptosis, RID, EB-14.7K, and E1B- 
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FIG. 6. RID protein is sufficient to inhibit TRAIL- induced apopto- 
sis; 14. 7 K protects cells from TRAIL-induced apoptosis in stable trans- 
fectants. (A) A549 cells were mock infected or infected with 5 to 20 
PFU of WT Ad (mc700), Ad/E3 (expressing all E3 proteins), Ad/RID/ 
14.7K, Ad/RID, or Ad/14.7K per cell and then treated with TRAIL 
(plus CHX at Z5 ixg/ml) at 24.5 h p.i as indicated. After 28 h, apoptosis 
was determined by release of LDH. The error bars indicate standard 
deviations. (B) A549 cells as well as two independent stably transfected 
A549 clonal cell lines expressing the E3-14.7K protein, named 4-6-8F 
(WT 14.7K expression) and 37-2- 1-2B (14. 7K with point mutation of 
D37A, not affecting function), were treated with TRAIL (1.0 ng/ml) 
plus CHX (25 fxg/ml). After 25 h of treatment, the percentage of viable 
cells was determined by trypan blue exclusion. 



19K. RID stimulates the internalization of TRAIL-R1 from 
the cell surface, which probably explains why RID inhibits 
killing by TRAIL, TRAIL-R1 is internalized into vesicles, pu- 
tative endosomes, and lysosomes and is degraded as indicated 
by the severe reduction in immunostaining for TRAIL-R1. (An 
alternative explanation for the lack of TRAIL-R1 immuno- 
staining is that the epitope for TRAIL-R1 becomes masked.) 
The inhibition of TRAILER 1 degradation by Baf argues 
strongly that TRAIL-R1 is degraded in lysosomes. 

There are six known members of the TNFR superfamily that 
have death domains, namely, TNFR1, Fas, death receptor 3, 
TRAIL-R1, TRAIL- R2, and death receptor 6. Ligand -induced 
activation of TNFR1, Fas, TRAILER 1, and TRAIL-R2 causes 
a series of protein-protein interactions involving the death 
domains that leads to activation of caspases and apoptosis 




Ad/RID 

Ad/14. 7K 

Ad/RID/14.7K 

Ad/E3 

Ad/nuli 

rec700 

Mock 



1 10 100 



Fluorescence Intensity 

FIG. 7. Infection with replication-defective El-minus Ad vectors 
expressing RID removes TRAIL Rl but not TfnR from the cell sur- 
face. HeLa cells were mock infected or infected with 5 to 20 PFU of 
reclOO or Ad vectors/cell. At 23 h p.L, unfixed cells were stained with 
MAbs for TRAILR1 or TfnR and assayed by How cytometry. Ad/E3 
encodes and expresses all E3 proteins except ADP (E3-12.5K, E3- 
6.7K, E3-gpl9K, RIDa, RIDp, and E3-14.7K), Ad/E3, Ad/RID/14.7K, 
Ad/RID, and Ad/14.7K express only the E3 proteins indicated. 



(reviewed in references 1, 2, 17, 53, and 82). RID, E1B-19K, 
and E3-14.7K inhibit apoptosis induced by three of these Ii- 
gands, TNF, FasL, and TRAIL (references 19, 21, 22, 24, 65, 
and 72 and this study). The Ad proteins block death Hgand- 
induced apoptosis at several levels. RID gets rid of TRAIL-R1 
and Fas by forcing them from the cell surface into lysosomes, 
where they are degraded. While this report was in preparation, 
Benedict et al. (4) reported that in addition to RID (referred 
to as E3-10.4K/14.5K), an E3 protein named E3-6.7K is re- 
quired to clear TRAIL from the ceil surface. Their studies 
were conducted with retroviruses expressing the RID and/or 
E3-6.7K proteins. We clearly have not observed a requirement 
for E3-6.7K in RID-mediated down-regulation of TRAIL-RL 
Perhaps these differences in results are due to different exper- 
imental systems. Benedict et al. (4) also reported that both 
RID and E3-6.7K are required to down-regulate TRAIL-R2. 
We have similar findings under our experimental conditions 
(A. E. Tollefson, D. L. Lichtenstein, M. Kuppuswamy, K. Toth, 
K. Doronin, O. A. Doronina, C. A. Smith, and W. S. M. Wold, 
unpublished data). 
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FIG. 8. Expression of RIO by Ad vectors mediates down- regulation and degradation of TRAIL -Rl, presumably by a lysosomal degradation 
pathway. A549 cells were mock infected or infected with 50 to 200 PFU of Ad vectors/cell. Baf was added at 3 h p.L The cells were fixed and 
immunostained for TRAIL- Rl at 25 h p.i. 




RID also inhibits TNF-induced translocation of the 85-kDa 
cytosolic phospholipase A 2 (cPLA 2 ) from the cytosol to mem- 
branes (18). There is evidence that TNF-induced activation of 
cPLA 2 is important in TNF-induced apoptosis (32, 42, 71, 86). 
We do not know if cPLA 2 is activated through the Fas and 
TRAIL pathways. 

E3-14.7K apparently inhibits apoptosis at more than one 
level. Yeast two-hybrid studies indicate that E3-147K binds to 
three cellular proteins named FIP-1, FIP-2, and FIP-3 (45-47). 
FIP-2 and FIP-3 may be part of the apoptotic signaling path- 
way that leads from TNFR1 and Fas through RIP; E3-14.7K 
could potentially inhibit this pathway. B3-14.7K is also re- 



ported to inhibit apoptosis induced by an Acl vector expressing 
FasL or by transient transfection of procaspase 8 (13). E3- 
14.7K forms a complex with procaspase 8 (13). E3-14.7K also 
inhibits TNF-induced activation of cPLA 2 (42, 71, 92). It is not 
known if any of these functions of E3-14.7K account for its 
ability to inhibit TRAIL-induced apoptosis. 

E1B-19K is a functional homolog of BCL-2 (7). It interacts 
with and inhibits the activity of proapoptotic members of the 
BCL-2 family (14, 83, 87). These proteins appear to promote 
apoptosis in part by displacing adapters from ant i apoptotic 
BCL-2 family members, allowing caspases to become acti- 
vated. E1B-19K was recently reported to interact with a con- 
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formationally altered form of Bax in mitochondria; this inter- 
action inhibits cytochrome c release and caspase-9 activation 
(57). E1B-19K did not prevent activation of caspase-8. It seems 
likely that these functions of E1B-19K explain why B1B-19K 
inhibits TRAIL-induced apoptosis. 

Routes et al. (60) recently reported that the Ad El A pro- 
teins sensitize human A2058 melanoma and H4 fibrosarcoma 
cells to TRAIL-dependent killing. Such a function of E1A 
would explain the results of our experiment (Fig. 3D) showing 
that Ad infection sensitizes HT29.14S ceils to TRAIL-induced 
apoptosis. Routes et al. (60) also reported an experiment sug- 
gesting that unspecified E3 proteins, and to a lesser extent 
E1B-19K, are required to inhibit TRAIL killing of Ad-infected 
A2058 cells. 

Apoptosis would be deleterious to virus replication if it 
should occur before replication is complete (15). Thus, it 
makes sense that the virus should target receptors that mediate 
apoptosis. Apoptosis is a major mechanism by which the im- 
mune system eliminates unwanted cells (53). CTL kill through 
two main systems, the perforin -gran zymes and Fas. They also 
kill through the TNF pathway, as indicated by long-term cell 
culture cytolysis assays. It is likely that the TRAIL system is 
involved in CTL killing of virus-infected cells, considering that 
T cells express TRAIL. Ad is well equipped to prevent killing 
of infected cells by CTL. The Ad-encoded gpl9K prevents 
recognition of infected cells by the T-cell receptor. The RID, 
E3-14.7K, and E1B-19K proteins block apoptosis induced 
through Fas, TNFR1, and TRAIL-R1. Activated NK cells kill 
through the perforin-granzyme and perhaps the Fas and 
TRAIL systems, and activated macrophages synthesize TNF. 
Thus, it is possible that these Ad proteins inhibit CTL killing 
not only at the adaptive stage of the immune response but also 
at the innate stage. 

Other signal transduction pathways, including NF-kB, 
stress-induced kinases, and neutral and acidic sphingomyeli- 
nases, are also activated through the TNFR1, Fas, and TRAIL 
receptors (17, 25, 53). Perhaps activation of one or more of 
these signaling pathways is deleterious to Ad replication, and 
accordingly, the receptors are eliminated by RID. The idea 
would be consistent with the ability of RID to cause internal- 
ization and degradation of EGFR, insulin receptor, and insu- 
linlike growth factor- 1 (IGF- 1) receptor (11, 43, 77). For ex- 
ample, cPLA 2 can be activated not only by TNF, but also by 
growth factors through the R a s-mitogen- activated protein ki- 
nase pathway. Arachidonic acid is the precursor to the proin- 
flammatory eicosinoids, and by inhibiting arachidonic acid syn- 
thesis, the Ad proteins could inhibit inflammation. Indeed, the 
RID and E3-14.7K proteins inhibit inflammation in mouse 
models (29, 30, 66). 

Considering that RID down-regulates very distinct receptors 
in the TNFR and protein tyrosine kinase families, the question 
arises as to the specificity of RID. There are some receptors 
that are not affected by RID, namely, TfnR (Fig. 7) (72, 77), 
major histocompatibility complex class I antigens (33), plate- 
let-derived growth, factor receptor, HER2 (43), CD46 (19), and 
CD44 (unpublished results). Thus, there is considerable spec- 
ificity to RID. 

As discussed above, RID causes the receptors for TRAIL, 
FasL, TNF, EGF, insulin, and IGF-1 to be internalized from 
the cell surface and degraded in lysosomes (11, 43, 72, 77; T. 



Dimitrov, C. F. Colle, A. E. Tollefson, D. L, Lichtenstein, and 
W. S. M. Wold, unpublished data). EGF, insulin, and IGF-1 
are well known to stimulate internalization and degradation of 
their receptors. Surprisingly, little is known about this property 
for the death receptor Iigands. Growth factor-induced degra- 
dation of receptors is believed to attenuate the growth factor 
signal, and this could also be true for the death receptor ii- 
gands. Attenuation may not be necessary if the cell has already 
been triggered to die. However, many cells are normally resis- 
tant to these death Iigands and must become sensitized in 
order for the cell to undergo apoptosis; for nonsensitized cells, 
ligand-induced clearance of the death receptors would pre- 
clude cell death if the cells should subsequently receive a 
sensitizing signal. In any case, RID appears to serve as a sur- 
rogate ligand to cause internalization and degradation of these 
receptors. (There is no evidence that RID performs the other 
response to these Iigands, i.e., induction of signal transduc- 
tion.) The molecular mechanism of action of RID must be very 
interesting, and knowledge of it will increase our understand- 
ing of receptor signaling and sorting. 
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